Abstract Research Article
Beginning of continuous renal replacement therapies (CRRTs) also dates back to 1970s, and expectations from the therapy as well as the technique has evolved since then. [3, 4] In our day, continuous venovenous hemofiltration or hemodiafiltration is used frequently in Pediatric Intensive Care Units (PICUs) for renal replacement therapy, but experience of CRRT application on ECMO circuit is still limited.
Acute kidney injury is frequently observed in ECMO patients. The hypoxic insult and systemic inflammatory response associated with the ECMO process or the underlying condition are the two important factors causing acute kidney injury. Reduced perfusion of the kidneys before ECMO, reperfusion injury after ECMO, and disrupted hormonal mechanisms are predisposing factors. [5] Acute kidney injury and requirement of renal replacement are associated with increased mortality in these patients. [6] Even when the kidneys are minimally injured and functioning as in a normal child, the massive fluid overload at the beginning of ECMO process cannot be easily overcome solely by the kidneys. It is well described that fluid overload affects survival in critically ill children and CRRT enhances fluid management in ECMO patients. [7, 8] Slow but continuous nature of the renal replacement is superior to intermittent hemodialysis in this hemodynamically unstable patient group.
There are several methods for performing CRRT during ECMO: (1) performing RRT through venous access independent of the ECMO circuit, (2) introduction of a hemofiltration filter into the ECMO circuit, and (3) inclusion of a CRRT device in the ECMO circuit. [10] Hereby, we aim to share our experience on the third technique which we believe is easier and safer to apply on an ECMO run.
MaterIalS and MethodS
On average, 600 patients are admitted annually to our PICU, for both surgical and medical PICU needs. During the study period, 1.6% of all patients underwent ECMO The decision for CRRT was given in all of the patients when the fluid overload exceeded 10% of the body weight or anticipated to reach 10% within 24 h. All of the CRRT procedures were carried out with a CRRT machine (Prismaflex ® system, Baxter Healthcare, Illinois, USA). Venous cannula of ECMO circuit before pump was used for CRRT access for both the filter inlet and outlet of CRRT machine [ Figure 1 ]. During CRRT, the blood flow rates were set 4-12 ml/kg/min and total effluent rates were 2-3 l/1.73 m 2 /h. Hemofiltration was used with predilution in all of the patients, whereas hemodialysis was added as needed. Normal saline or packed red blood cells were used for priming. In our usual practice, we use polyarylethersulfone membranes (circuit volume 60 ml) for children under 15 kg and AN69 membranes (circuit volume 93 ml or 152 ml) for children over 15 kg. As CRRT machine was connected to an ECMO circuit, membranes with large circuit volumes (93 or 152 ml) were used in seven patients whose weights were under 15 kg. Heparin was used for anticoagulation of ECMO circuit and titrated up to 30 IU/kg/h for a target activated clotting time between 160 and 180 s. No additional anticoagulation was used for CRRT system. After the maintenance of the metabolic homeostasis and fluid balance, the CRRT was discontinued when urinary output was sufficient.
reSultS
During the study period, 35 ECMO patients were followed in PICU and 15 of these patients underwent CRRT, with a machine added on the ECMO circuit. The mean age of the group was 4.6 years and the mean body weight was 16.3 kg. Five patients were in the newborn period and a total of nine patients were under the age of two. Within the study period, the number of patients who had undergone renal replacement therapy was 3.68% of a total number of patients admitted to our PICU. This rate was 43% among ECMO patients treated in the unit. All of the patients were on venoarterial ECMO. The number and distribution of the underlying diseases as well as demographic information of patients are listed in Table 1 . The majority of the patients had primary cardiac pathologies or severe pulmonary hypertension. The survival rate of the subgroup (ECMO + CRRT) was 33% with a mean ECMO runtime of 733 h, whereas the overall ECMO survival was 57% in our unit during the study period. The patients have undergone renal replacement therapy for periods of time ranging between 24 h and 25 days (260 h mean). Renal recovery occurred in all of the survivors. The most common complications of the process were clotting of the membrane, electrolyte imbalances (hypophosphatemia 80%, hypokalemia 93%), and bradykinin release syndrome (33%). All of the bradykinin syndromes were observed when an AN69 membrane was primed by packed red blood cells.
dIScuSSIon
The aim of this report is to share the pediatric experience on combination therapy. We want to emphasize some main advantages of the technique in the foreground as well as listing the common but easily manageable complications.
All CRRT support was given by a CRRT machine because in-line filter technique without a machine carries the disadvantages of lack of blood flow adjustment and inability to detect clots early as well as inaccurate ultrafiltration rates. [11] Since most of the patients are young with low body weights, the venous access had a high probability of being difficult in our patient group where direct access from ECMO circuit becomes a significant advantage. Venous cannula of ECMO circuit was used for CRRT access to minimize the thromboembolic complications, with both the filter inlet and outlet of CRRT machine connected before ECMO pump. When the filter inlet is connected after the pump and outlet before the pump, shunting of blood occurs which was prevented by our method. We believe that preventing resistance which would occur when both the filter inlet and outlet were connected after the pump is another advantage. [12] Although air entrapment into the ECMO pump has previously been presented as a major concern when the CRRT machine is connected before ECMO pump, [6] we did not observe any complications concerning the pump.
Use of ECMO pump for cardiac function enables us to use membranes with larger surface areas in small children. Higher flow rates used with membranes with larger surface areas result in increased solute clearance and shortened time of fluid removal. [13, 14] Since the relationship between mortality and fluid overload in CRRT patients is defined, [7, 15] this advantage was gratefully utilized. CRRT was started with the anticipation of fluid overload to reach more than 10% of body weight, to facilitate fluid balance and caloric intake. [8] The rate of renal replacement therapy in ECMO patient group is almost 12 times the rate in the general patient population of the unit. This finding is consistent with the increased disease severity and rate of multiorgan failure. Furthermore, the survival rate of 33% reflects the disease severity of these patients and is similar to previously reported rates. [16] The overall survival rate of all CRRT patients in our unit is 38.5%. There are variable reports of survival rates in CRRT patients, but the patient populations are not homogeneous among different patient series as well as within any sample patient group. [16] [17] [18] The 33% survival rate is lower than the overall rate of survival in our ECMO patients. Again, this is not related to failure of CRRT treatment but caused by the increased disease burden. [19] Similar to previous reports, renal recovery occurred in all of the survivors. [19, 20] Because of the common denominator of severe cardiac failure and multiorgan failure in our patients, no comparison could be made between survivors and nonsurvivors depending on the inotrope scores, organ failure scores, or mortality scores. From this aspect, future randomized studies with larger number of patients are needed to correlate the outcomes with several clinical variables and to validate the effect of CRRT therapy on mortality in ECMO patients.
All of the patients experienced temporary electrolyte imbalances. The rate of bradykinin syndrome was higher (33%) than the overall rate in CRRT patients in our unit (11%) and all of the reactions occurred if an AN69 membrane is blood primed. Complications were easily managed by the experienced staff.
Bigger membranes were an advantage that we wanted to continue to use, but the small weight infants needed blood priming causing bradykinin syndrome. For that reason, we started using "bypass system" described by Brophy et al. for priming. This technique involves transfusing the packed red blood cells mixed 1:1 with normal saline at a rate of 10-15 ml/min, postfilter into the patient, while the saline-primed circuit drains into a bag. [21] By the help of this technique, we overcame bradykinin syndrome [ 
concluSIonS
In our experience, adding a CRRT device on ECMO circuit is a safe and effective technique that improves fluid balance and metabolic disturbances. None of the complications resulted in mortality, and fluid balance is definitely a target of therapy in ECMO patients. The major advantages of this technique are easy access for a patient on continuous anticoagulation, applying CRRT without extra anticoagulation process, preventing potential hemodynamic disturbances, and increased clearance of solutes and fluid overload using larger hemofilter. Prospective randomized studies are needed to verify the effect of technique on weaning of ECMO, length of PICU stay, and survival.
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